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ABSTRACT

The effect of parity non-conserving nuclear force is studied in a
deformed nucleus, J.BOme. The big nuclear structure factor of the 501 keV
gamma transition in the decay of 180me enables one to observe a big
asymmetry of 1.5% at an average temperature of 20 mK°. The nuclear structure
factor can arise by various mechanisms. For example, small energy spacing
of the nuclear levels with opposite parity will cause a large mixing between
them and/or the parity-allowed transition (in this case, M2) has an
anomalously small matrix element while the parity~forbidden transition (EZ2)
is not hindered. The low temperature necessary for producing polarized
nuclei is achieved by adiabatic demagnetization of a chromium potassium
sulfate-glycerin slurry which provides abput 10 mK® heat sink. The IHDme
nucleus is polarized by a magnetic inter. stion of its dipole with the
hyperfine field it sees in a cubic ferromagnetic compound, ZrFez, at low.
temperature.

The asymmetry is defined as the intensity ratio of the intensity

difference in 180° and 0° with respect to its nuclear polarization direction

to its average value:
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a_z_wusm-mo)_z, 111 37373
w(180) + w(0) 1+ GBA, +GBA

where Gk are determined from knowing the source-detector geometry; Bk are

evaluated from the anisotropy of the 444 keV gamma transition in leomex

Ak are known from the transitiona and the nuclear states involved; A, and

2

A4 are independent of parity mixing and their values can be obtained from

an angular correlation experiment; A, and A3 are proportional to the parity

1
mixing ratio. So by measuring the asymmetry of the 50) keV gamma transition,
one can evaluate the parity mixing ratio. Taking the slow warm-up of the

sample into account, we derive the parity mixing ratio as 0.0290(19).
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INTRODUCTION

After C. S. Wu _e_t_a_]_._.l succeeded in showing that parity is not
congerved in weak interactions which are responsible for nuclear beta
dacay, searches for parity violation in strong and electromagnetic inter-
actions have been carried out. 1In a nucleus the constituent neutrons and
protons are bound together by strong and weak nuclear forces. All the
experimental evidence indicates that parity is a good quantum number.

Based on Feynman and Gell-Mann's generalized theory of the weak
interaction (Universal Fermi Interaction, UFI) .2 Blin-st:oyle3 estimated
the ratio F of the strength of the parity non-conserving force to that
of the parity conserving force .o be of the order 10_7.

W:I.lkj.m;on4 was the first person to look into possible experimental
ways to observe parity-violating effects in nuclear physics. These small
effects can be detected in two ways:

A. Search for Violation of Absolute Selection Rules

Cases exist in which the transition probability between two nuclear
levels ig strictly zero if parity is conserved. If one observes any
transition batween these two levels, the observation will confimm parity
violation and determine its magnitude.

The experiments have been carried out by alpha decay of 2ONe and
160.5'12 Congider the 160 alpha decay from the 2- state to a O+ state of
12C. It ig energetically possible, but the orbital angular momentum
carried away by an alpha particle (which has zero spin) must be L = 2, and
the corresponding parity even. 1t follows that the decay cannot take place
since a change of parity is required, However, if there is admixed an

amplitude F of the 2+ state then the decay can take place through that

component of the wave function, with intensity proportional to Fz,
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B, Searching for the Interference Term

Because all of the parity experiments in nuclear physics to date.
in detecting the interference term, have looked at the outgoing gamma
radiation, we will restrict our discussion to such experiments., The weak
interaction Hamiltonian which gives rise to the parity non-conserving
potential (PNC potential) will give an asymmetry in the angular distribution
and a non-vanishing circular polarization of outgoing gamma radiation. The
circular polarization can be detected from an unpolarized source. One can
measure the circular polarization, for example, by looking at the intensity
difference of gamma radiation scattered by a magnetized iron foil when the
magnetization direction ie reversed. This method utilizes the fact that
the cross section of the compton scattering process is spin dependent. In
order to chserve the asymmetry in the angular distribution, one must
prepare polarized nuclei. There are several review articleslB'M'lS which
describe the detailed mechanisms behind the methods for polarizing nuclei.
Generally, these can be clasgified as follows:
1. Dynamic Nuclear Polarization

So far only the following two methods have been applied in the
parity experiment:

a. Polarized neutron capturs. Experiments based on this technique

have been carried out on 113cd, lo"Aq. nsln, IH, 325, 2°7Pb, 2y 16-20

b. Polarization by optical pumping. 203Hg has been polarized by

optical pumping on this campus. Depolarization in high density samples

due to the resonance trapping of optical pumping light prevents observation

°3H 21

of the asymmetry from pumped 2 T .
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2, Thermal Bquilibrium Nuclear Orientation

The universal way in this method is to polarize the nucleus in a
ferromagnetic lattice at low temperature, The nucleus in the ferromagnetic
site will see a hyparfine tield22’23 from its electrons which are polarized
through exchange intsraction from its ferromagnetically orderad environment.
The most cormon hosts are Fe, Co, and Ni., But not avery element is soluble
in these transition elements. Hg and Hf, for example, are practically
insoluble in iron. Hyperfine fields of these two elements in an iron
lattice are found by ion implantation.

The hyperfine fields obtained by various methods have been
tabulated by T. A. Koster and D. A. Shirley.“

3. Angular Correlation

Angular correlation exists because of angular mcmehtun. The second
radiation must correlate to the first radiation, which defines the
polarization direction in our case, to preserve the angular momentum
conservation. A general review can be found in Siegbahn's Alpha, Beta,
and Gamma-Ray Spectroscopy. 25 There have been several attempts by angular

26,2
correlation to study parity non-conservation in nuclear forces.” ' 7

The 482 keV gamma~ray from 5/2+ level in lslTa is the most
extensively studied nuclear level both in experimental and theoretical

respects. Calculations based on models of various degrees of sophistication
are campared to the experimental :eault:s.ze'zg'30 At least every one
agrees the parity violation in this level is small. The first big parity
violation effect was found in the 363 keV 5/2-~ level of 159’!‘1:. A

conflicting report appeared a year later by another group.32 In the same
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year Krane gt a_l_.33 investigated the 1142 kev 8~ level of 180my ¢ by low

temperaturs nuclear orientation in z:!-'ez. They found the asymmetry of the

501 keV transition was in agreemant with the previous circular polarization

measuraments. 3% 3 l<upha].36

trangition from 180m"£ again, and confirmed tho same results, Our results

did the circular polarization on the 501 keV

in sevaral? tempsrature regions are esssntially the same as reported before.
The parity mixing ratio of our result is 0,0290(19). The smallness of the
asymmetry in the PNC parity experiment prevents a detailed temperature

dependence study.
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CHAPTER I
THEQRY

I. Waak Interactions

Interactions so far discovered can be classified into four

categories:
Categories Relative Strength
1, Strong Interactiohs 1
2. Electromagnetic Interactions 10'-2
3. Weak Interactions 10713
4. Gravitational Interactions 10738

In the nuclear system, the contribution from the gravitational
interartions can be ignored as shown clearly fram its strength. The
symmetry properties under CPT and some conservation las are listed in
the following table. From this table we know that it is generally accepted
that both strength and electromagnetic interactions have conserved charge
conjugation, parity, and time reversal. Conservation of charge conjugation
means the system is symmetric with respect to interchanging particles and
anti-particles. Conservation of parity means the system is symmetric with
respect to interchanging positive space coordinates into negative space
coordinates. Conservation of time reversal means the system is symmetric
with respect to intarchanging t\'1e direction of the time flow.

The famous beta asymmetry fram polarized GOCO experiment of C. S.
Wu et _a_l'.l showed that both C and P are maximally violated in beta decay.

37

CP nonconservation in KZ" decay showed that T may be violated, if the

CPT theorem is tru:.



Table of the Symmetry Properties of Fundamental Interactions

c P T CHARGE LEPTOR NO. ARGULAR MCMENTUM BARYON NO.
CONSERVATIONS CONSERVATION CONSERVATION CONSERVATION
STRONG INTERACTIONS YES YES YES YES NOT APPLICABLE YES YES
ELECTROMAGNETIC
INTERACTIONS YES YES YES YES YES YES YES
WEAK INTERACTIONS NO NO NO YES YES YES YES

Y



The theory of weak interactions was first described in terms of
the products of vector current by Pemiaa before parity violation in weak
interactions was discovered. Sudarsham, Marshak, and Feynman, Gell-Mann
and Sukurai39 included the axial vector current into the current known as
the Universal Weak Interaction or Universal Fermi Interaction (UFI)}. The
basic idea is that the weak interaction can be described in terms of the
interactions of currents as a Quantum Electrodynamic theory (QED).

The validity of this theory has been under intensive experimental
tests by various methods. A vivid account of this history was given by

C. S. Wu's lecture in Proceeding of International School of Physics.40

The weak interaction Hamiltonian Hw is taken to be of the current-current

forms
+
Bo=- = (3,07 +
w V2
J = J(l) . J(h)
where J‘l) is the leptonic current. J(l) in weak interactions usually

stands for a charged current. The recent discovery of neutral currents in

NAL and CERN41'42 may stimulate further theoretical studies on the current
N + . ced .

formulation. { } + is an anticommutator. J is the hermitian conjugate

of the current J. In the conventional vector-axial vector (V-A) current

form:

@ _g . . .
J = wl Yi(l + Ys) ‘1’{5 i=1,2,3,4
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where El is a creation operator of leptons. Y is a Dirac spinor.
YS =i . Yl . Y2 . y3 . 74 . ‘1’5 is an annihilation operator of antineutrinos.

Take muon decay for example:
u+ +ef v+ v

leptonno. 11 -1 1

baryon no. 0 0 o o

) - (¢5 C ¥ F Y wu+) - h.c.

G m - .
H --—/-:w; Y +v) b,

v 2/2

where the neutrino is a neutral lepton and electrons and muons are charged

leptons. 1t is clear that Ju) is composed only of charged currents. Since

the discovery of neutral currents, it is the author's opinion that one

(n} more carefully than does the conventional model, in

which one assumes the form of hadronic current. J(h), to be like the form

should look at J

of leptonic current with appropriate coefficient {(usually in terms of
Cabibbo's angle). The details of its form will be presented in the next
section. For the reader's convenience the Y matrices and interactions in
terms of dimensional interactions, i.e., scalar, vector, ..., are provided
in Appendix I.

II. The Parity Non-Conserving Nuclear Force

The parity non-conserving nuclear force (PNC nuclear force} can be
derived from the Universal Fermi Interactions (UFI). In order to obtain
the PNC nucleon-nucleon potential, one needs only to consider the hadronic

currents,
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(h)

J -a- J(ds-O) b - J(ds-l

) + highar order terms

where J(d’-m is the hadronic current with no strangeness changing,
J(ds-li is the hadronic current with transferring 1l unit of strangeness

from reactants to products, and the corresponding Hamiltonian:

.

H, = az . {J(ds-o)' J(ds-0)+}+ + b2 . {J(ds-l)‘ J(ds=l)+}+ ...

Because nucleon-nucleon scattering (interaction) will not change
the strangeness, all the mixing terms between the hadronic currents will
not contribute to the PNC weak interactions Hamiltonian but will contribute
to the hadronic decay. The main problem for the theoretical calculations
on this potential is due to the lack of knowledge of the current. The most
widely used current is based on the original ideal of Ca.l'.'ibbo43
(Conventional model). 1In the conventional model, the relative contribution
of strangeness changing current to strangeness non-changing current is
expressed in terms of tanf, with 0 = 0.239, where 8 is the Cabibbo angle.
The hadronic current is then given in tems of V~A form like the leptonic
current.

(h) (ds=0) (ds=1)

J = cosf - J + sind « J
J(ds=0) - v(ds=0) . A(ds=0)

J(ds=1) - v(ds=1) " A(ds=1)

where V,A are vector and axial vector currents and belong to the SU(3)

octet. As we mentioned in the section on weak interactions the implication
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of recently discovered neutral currents has not yet been explored by
theoretical calculation. Besides this complication, additional difficulties
arise from the inability to obtain precise estimates of many-body
contributions. The reason why most PNC experiments undertaken so far are
in the heavy nuclear region is that one hopes the richness of nuclear
levels (states) in this region will offer some opportunitiss to observe a
huge nuclear structure factor. The nuclear structure factor is defined
as the ratio of irreqular (parity violating) tranasitions to regular
(parity conserving) transitions. It is known in this region that many
regular transitions are hindered from the selection rule. One hopes that
in these kinds of transitions the irregular transitions will not be
hindered.
III. The Nuclear Structure Factor
The nuclear structure factor is important in today's PNC

experiments. The smallness of the PNC force compared to the PC (parity
' conserving) strong force requires an accuracy of the measurement which is
beyond present-day technology. Blin-scoyle3 and Michel based on a simple
model (single particle) with charged currents estimated the amplitude of
Pﬁc to PC to be order of 10-7. Taking this as an order of magnitude and
disregarding the mechanism of PNC potential, one can describe the nuclear

system as:

H=H® +H
w

Y=y*+F . ¢
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where B* is the regular strong nucleon-nucleon Hamiltonian, Hw is PNC
weak potential. Because Hw is much smaller than H°, one can use perturbation

theory to estimate the effect. For the first order perturbation:
2 2
l<wy lulw> [ = [y o luefu,o> [ + 7 o (f<w,oln (6,2 ] g, o lue e, =]
¢ <oy I8, 10,021 Jev,e e fy o]+ o

we have

(irregular trausicion! = F l<l1Jlnlﬂw‘d)f‘ * l<¢l|HwN2°>{
|regular  transition| |<wl°|1-1°|w2°q

= F « R

Experimentally, one can obtain the quantities which are proportional
to the product, F « R. So if one can get a small denomlnator, i.e., for
some mechanism in which the regular matrix element is expected to be small,
but not reduce the numerator for this mechanism, then one gets a large R.
This will enhance the sensitivity of the experiment by a factor of R. R
can be as large as 105 or as small as 10.

Iv. The Theory of Nuclear Polarization at Low Temperature

Because we are looking for parity violation, it is essential to
polarize the nucleus, which will enable one to cbserve the asymmetry in
angular distribution of the outgoing radiation. We use the terminology
as given in Ref. 14. The method we use to polarize the nucleus is a
cambination of hig_h magnetic field and ultra-low temperature to orient the

nucleus through its nuclear dipole moment. The high magnetic field is

provided by the magnetic hyperfine field from a ferramagnetic envir t.
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Due to core polarization and conduction electron polarization the non-
ferromagnetic nucleus in ferramagnetic environment can see a hyperfine
field up to hundreds of kilogauss. The low temperature is achieved by
adiabatic demagnetization of a paramagnetic salt. In this experiment we
use a chromium potassium sulfate-glycerin slurry which has a relatively
large heat capacity at low temperatures. The system we have provides about
10 mK heat sink, starting from an initial magnetic field of 50 kilogauss
and a temperature of 1 K.

The angular distribution of outgoing gamma radiation can be expressed

in gensral as:

W) = 12< B <G U - R - P, (cos@)

where Bk' the orientation parameter, is a function of temperature and of the
rienting interaction, and tells you the population of m states. Gk is

the golid angle correction which depends on the geametry of the source and
crysi'al shape of the detector and the distance between them. It also
depends weakly on the gamma energy. Uk is a reorientation parameter which
indicates the loss.of orientation before the gamnma-ray of interest is
emitted. Pk (cos9) is a Legendre polynomial, and 6 is the angle between the
incident radiation (the direction of the outgoing gasma-ray) and the
polarization axis of the nucleus. ,'k is the angular distribution parameter.
It is usually expressed in terms of Fk coefficients which have been

tabulated by Ferentz and Rosenme:l.g.“ For k even
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2
. - . -
Fk(LLIfIi + 2 § Fk(LL IfIi) + 8 Fk(L'L'IfI )

H‘ 1+ 6%

i

oz, >

s <I£LH I,
T PRI
<I£Lﬂ 1>

For k oad
a2lE (p (I, + 68 - B (LL'II)]
A Lsol kUUEH K £1

T .
- S
£ i

where the Fk are functions of the multipolarity L and the nuclear spin of
the initial and the final states. L' denotes that there is a mixed
transition, & is the mixing ratio for this mixed transition. € is the
parity mixing ratio which we want to avaluate from our experimental results.
{ means that this L angular momentum is carried by an irregular transition.

V. Results of Theoretical Computations

The comparison with the detailed mesonic contributions to the

45,46 is omitted. It is author's opinion that

effect on PNC experiments
the lack of understanding of the contribution from many-body effects and
the implication of neutral currents makes the comparison too dubious. For
this reason in this section only the asymmetry of the 501 keV and the
anisotropy of 444 keV gamma transition of mm}lf at various temperatures
are camputed. The detailed data used from the literature and the results

are listed in Appendix II.
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The maximum X we used is 4; for the higher k's, Bk are small. The
asysmetry, a, is defined as:

2(GBA +G )

! (] - (.

s wusg';+:(g') G 11\+c;g e ()
B2 * G480y

Ul - Uz - U3 U‘ = 1, for 501 kev

Figurc 1 shows the results of this calculation: Asymmetry vs. € at different

temperatures.
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Fig. 1. Asymmetry of the 501 keV gamma-ray vs. parity mixing ratio at

different temperature.
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CHAPTER II
EXPERIMENTAL APPARATUS
I. Low Temperature Facilities

A. The Cryostat (Fig. 2

The cryostat is a "can" with 4 inch 0.D., 12 inchos long with 35
mil (one thousandth of inch) wall which is attached to a 1 1/2 inch 0.D.
pumping line at the upper end and to a 1/2 inch 0.D. tube (10 mil wall) which
is 7 inches long at the lower end. All the joints are either Heliarc
welded or sealed by indium “0" rings.
B. The nets

1. The cooling magnet. The cofl constant of the cooling magnet
is 499 Gauss/Mmp. Its critical current at 4.2 K is about 142 amperes.
The length of the magnat is 12 inches. A detailed description of the

magnet is in Sammy Hung's thuis.”

2. The polarizing magnet (Fig. 3). The polarizing magnet consists
of two pairs of perpendicularly oriented superconducing Helmholtz coils.
The 45 mils 0.D. MNb-Ti superconducting wire is wound on the fiberglass
coil form, which is designed to fit into the 1 K® bath. The outer coil
has 1044 turns with 29 layers and a coil constant of 225 gauss/amp. The
inner coil has 1428 turns with 17 layers and a coil constant of 233 gauss/amp.
3. The polarizing magnet holder (Figs. 2 and 3). The holder is
designed to prevent the magnet from moving during the expsriment. It
consists of one fixed plate with 4 hclas at the bottam of a cylinder and
a moving plate which can ba tightened to the bottom of the "can” by four

bolts. Four rods caming from the polarizing magnet go into the four holes
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Fig. 2. Cryostat with polarizing magnet.
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Fig. 3. Detail of polarizing magnet,
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of the fixed plate. The height of the magnet can be adjusted through
positioning the nuts which sit one below and one ahove the plate for each

rod.

C. The Control Units and Power Supply for Magnets

All th~ power supplies are A.C. rectified P.C. current supplies.
The cooling magnet power supply im capable of giving 400 amperes
(LBL 13X 1420-S1 to 13X 1420-S3) and is controlled by an 4.C. motor with
gear box reduction. The control units for the polarizing magnet are
illustrated schematically in Fig. 4. The ramp generator produces a linear
ramp and can produce both positive and negative polarities of 12 volts.
The amplifier has a sensitivity of 3 amperes/volt. Two outputs from the
amplifier can be controlled either to be 90 degrees out of phase or 180
degrees out of phase by the ramp generator. The magnetic field from the
polarizing magnet can be rotated through every 90 deqrees or 180 degrees.

D. The Salt Pill (Fig. 5)

The salt pill configuration is shown in Fig. 5. Two guard pills
are used. One gits above the central pill which serves as the cooling
reservoir. This upper guard pill has a pump-out line coming from the
bottom of it and going out fram its sidas. The can of the central pill
is made out of mylar. The heat shield fram the uppcr guard pill to the
top of the lower quard pill is made out of copper foil overlapped with a
mylar strip to lessen the eddy current heating. The lower guard pill sits
on the fiberglass plate through 3 graphite rods, which serve as themal
insulators. The heat shield from lower guard pill is extended all the way

down to about one inch above the sample location. The central gill, the
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Fig. 4. Schematic of power supply with control unit for polarizing magnet.
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heart of the cooling uoparatus, is protected by both upper and lower guard
pills and their heat shields. The copper fin in the central pill consists
of 16 sheets of five mil copper foil,

II. Sample Preparation

HE is a very brittle and hard alloy. It ls prepared in

0.1%0,9"%2
an arc furnace in an argon atmosphere. The starting materlials used in
preparing thiec compound are obtained fram the following sources:
Iron (Fe) 99.99%

Alfa Inorganics, Ventron

Beverly, Massachusetts
Zirconium (Zr) 99.99%

For the particular way in which we prepare the sample, one must
use the highest purity Zirconium available. Randum pieces are alright.
The high purity rod did not prove to be good.

Research Organic/Inorganlic Chemical Corp.

11686 Sheldon St., Sun Valley, Calif. 91352
Hafnium (Hf) Enriched Isotcpe B86.98% 179Hf

Oak Ridge National Laboratory

Oak Ridge, Tennessee 37830

All the starting materials, except enriched lan, are melted into
an ingot first. Stoichiometric ratios of 2r and Fe of ZrE‘e2 are put
together in the arc furnace and melted at the lowest current setting. After
it melts together the arc current is increased and held at this higher

setting for at least 5 minutes until it is thoroughly mixed. The resulting

ingot is turned over and remelted several times to insure that the compound
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is homogeneous. All the ingots coming out of the arc furnace are chemically
etched. The Hfo.ler.SFez compound is melted in the stoichiometric ratio
of 0.1 Hf, 0.1 Fe, and 0.9 ZrFez. The first arc strikes on these materials
are very critical. It must be a low arc current and a slow approach.
Because ZrE‘e2 is brittle, too much thermal strain on it will tear {t apart.
The resulting ingot is turned over and remelted several times. Part of the
ingot is crushed into powder and analyzed by the x-ray powder diffraction
technique. The sensitivity of x-rays insures there is at most 10% of any
other phase which might be coexistent. The rest of the compound is spark-
cut into thin disks. The resulting disks are mechanically polished down

to 25-34 mils thickness, with a metallic shining surface. The 0.D. of the
disks range from 275 to 195 mils.

Three different methods of sample preparation are employed. The
first method checks for the influence of imperfection of the crystal. The
compound after arc furnace melting is subjected to at least 12 hours of low
temperature annealing. The annealing temperature is about 750°C. The
second method of sample preparation checks for the radiation damage from

thermal neutron capture. The reaction 179Hf {neutron, gamma) 160m

HE, will
release an energy of about 7 MeVv. 1In order to avoid the direct consequence
of this energy, one prepares the sample arfter one obtains the activity.

The third method, of course, is the simplest one. One prepares the compound
by using stable isotopes, then one spark-cuts the sample into a thin disk
and polishes its surface. The resulting disk is then sealed into quartz
tubing in an Ar atmosphere and is ready for neutron radiation. Within the

experimental error we can not find any different results by these three

different ways of sample preparation.
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III. Detectors and Data Acquisition System

Either two detectors at 180° to each other or four detectors at
90° spart are used to collect the d.ta. The pulse comes out from the
detector "front-end" and is smplified in the Proamp (11X, 5561-P1l), and
than goes to the high-rate linear amplifier (11X, $501-Pl) which is pole
zarc campensated. The slow pulse from the high-rate linear amplifier
(HRLA) is used for snergy discrimination, while the fast pulse from HRLA
is used for pile-up rejection. The pile-up rejector (11X, 5551-P1) rejects
the pile-up events and slow riss pulses which occur when gamma rays of
interest are absorbed ocutside the active volume resuiting in partial charge
collection. The energy discrimination is done by single channel analyzers
{SCA, 11X, 5510-Pl), which need a strobe pulse; we use the fast pulse
coming out from the pile-up rejector. After the energy discrimination
and pile-up rejection, the resulting pulse are fed into a router
(11X, 7370-Pl}, which separates the individual pulses of different detectors
or different energy regions in time. This resulting pulse then feeds into
an analog to digital convertor (ADC, 11X, 4680) and is processed by a small
computer, PDP-7. The block diagram of the two detector and four detector

systems are illustrated in Fig. 6 and Fig. 7.
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Fig. 6. Electronic block diagram for four detector system.
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CHAPTER 11X
EXPERIMENTAL BACKGROUND
In order to be able to do the low temperature PNC parity experiment,
some basic physical knowledge sbout the system of investigation must be
known, These basic physical quantities are the nuclear magnetic moment of
the state which is going to be oriented, the hyperfine field which tha
nucleus sees, the temiderature that the smmple will have after adiabatic
demagnetization and the spin and parity of the states from which one observes
the qasma radiation. The following sections list these basic quantities

with soms comments.

I. Nuclear Structure of mo"ﬂf

The 180!". nucleus has 72 protons and 108 neutrons. It is a deformed

nucleus. The 8- isomeric state belongs to a K = 8 rotational band. ‘The
nuclear machetic moment of the 8- state can be estimated roughly from the
systematic study on its neighboring nuclei. The author appreciates the
private communication with Dr. E. A. Philip for revealing this fact. Figure
8 shows the systematic study of 106 neutrons and 72 protons in the
neighborhood of 1™ue 48:4% £y this study it is clear that the 8- state
of 180“ is moatly a two proton state. The contiribution from a pure two
proton state or twc neutron state can be evaluated from its neighboring
nuclei. We can compute the nuclear magnetic moment of the two neutron state

179n£ (g.s.)

from the 17THE ground state (g.s.) I = 7/2, 7/2-(514), and the
1 = 9/2, 9/2+ (624).50 Here 7/2 and 9/2 are nuclear spins; the sign after

these values are parity values of the states and ( ) are Nilsson quantum

bers. The gnetic t for these states are 0.61 nuclear magneton
~
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(n.m.) for 7/2-(514) state, and -0.47 n.m. for the 9/2+ (624).51 Prom these
we sstimate the contribution from a two neutron state to be less than

0.1 n.m. We can compute the nuclear magnetic moment of the two proton
state from lal‘l'l(q.l.) and 6.3 keV state as 7/2+(404), and 9/2-(514),
respectively. The magnetic moments are 2.35 n.m. for the 7/2+(404) state
and 5,29 n.m. for the 9/2= (514).52'53 From the systematic study we choose
the magnetic momant of 150'1-!! as 8.2 nam. Our estimate is actually
confirmed by the later experiment of Kirner et _u_:l;..s" Fram their Mossbauer
spectrum of the 2+ ground state of the rotational band, whose gyromagnetic
ratio is known from angular correlation rnults,ss they deduced the hyperfine
field of Hf in Hfo_IZro_QFez to be -200t20KG. Using the results from

Krane o_t:__a_l.,:‘3 the magnetic hyperfine splitting, they confiim the nuclear
magnetic moment of the 8- state as 8.6 n.m. and conclude that it is a very
pure two proton state. More detail is listed in Appendix IV.

IX. Magnetic Hyperfine Splitting of Hf in ZrPoz

The hyperfine field of Hf in Zrl-‘ez at two different concentrations

are reported by Mossbausr effect.

Concentration Transition Gyromagnetic ratic H in KG ~ Temperature
Hto.s.)z.-:o.51-‘e2 2+ + 04+ 0.31 220 R.T.

-+ L3
"fo.lz’u.shz 2+ > 0+ 0.263 200220 4.2°K

Considering the possibility of structure variation due to high concentrations
of HEO.SZzO.Sr‘eZ, 20% hyperfine field variation on top of 10% experimental
accuracy might be expected. So at least one can say the temperature
dependence of the hyperfine field of Hf in sze2 from room temperature to

low temperatures is not large. From the general behavior of magnetization
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of ferromagnetic material with respect to temperature, it is very reascnable
to sxpact this result. The Curie point of pure Zrl-‘ez is 364°C. The value
of the magnetic hyperfine splitting of 7.9 mK is adopted to comparc our
exparimental results.

111, Thermomstry

The temperature of the sample is detemined by GOCO thermometry

and/or internal thermometry of the 444 keV gasma radiation from IBO'HE.

A. 60t.‘o Thermomotyy
60

1. Sample prsparation. Co in 18 HC1 solution was introduced into
a 99,99% pure iron foil. The foil was dried on a hot plate under a nitrogen
gas lt:n'.. The resulting inqgot was pressed into a thin disk, then annealed
and repressed into a thinner disk, then rolled into a thin foil. The
resulting foil was annealed under a hydrogen gas stream at 750°C for 12
hours.

2. Nuclear data of 6"Ca). The nuclear magnetic moment of the
S+(g.s.) of 6c'(:o is 3.754 n.m. Its decay scheme is shown in Fig. 9. 1Its
major decay mode (99%) is 5+(beta)4+. Sammy Hunq" reinvestigated the
asymmetry of this decay and confirmed that it is a pure Gamow-Teller

transition within his experimental error.

3. Angular distribution function of 6oc»:». The angular diatribution

of the 1.17 MeV and 1.33 MeV gamma transition in the decay of °Oco are the

same. Both are pure E2 and can be described as:

W(g) = 1~ 0.42056G252P2(co.0) - 0.?.428%‘5‘?4((:009)

where Gk and Bk are solid angle corrections and orientation parameters,

respectively.
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E2 1,173 kev

E2| 1,332 keV
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XB8L74{-2056

Fig. 9. Partial decay scheme of 60Co.
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4. Hyperfine fiuld of Co in iron. The hyperfine field of 60c° in

2 This value ls confirmed by John A. 5arc1ay.57 He used

Fe is -287.7 XG.
NMRON on 60ca in an iron single crystal. The single crystal was used due
to inhomogensous broadening considerations. The result of calculations on
the angular distribution function at 0* and 90* from 10 mK to 100 mK is
listed in Appendix III.

B. 444 keV Internal Thermcometry

The Uk coefficients are svaluated under the assimption that the B-
isomeric state to 8+, 57 keV transition, is pure El. The degree of mixing

from the other multipolarities was investigated by Krane et a.l..58 They

found that the mixing ratios are small. Their results are:
(M2/E1) = -0.009%0.07, (E3/El) = -0.013£0.02. The angular distribution

function will be described as:

wig) =1 - 0.36546282P2(col9) - 0.14876484P4(c036)

The result of calculations with this angular distribution function is

listed in Appendix II.
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CHAPTER IV
RESULTS AMD DISCUSSION
I. Results

A. Homogensity of the Sasple

railure to cbtain via nuclear orientation the big net hyperfine

59,60 luttice when using J.1-0.01

field previously found for Hf in an iron
atomic percent of Hf in iron has forced the author to examine the homogeneity
of the s.aple, Hfo.IZro.ghz. The possibility of mixing some other phasc
1like zrl'ua, z:zre in the Zr'ﬁ‘az lattice was investigated by x-ray powder
diffraction. A typical x-ray spectrum is shown in Fig. 10. 1In this study
the Cuka x-ray was used. The angles range from 15° to 30° or from 3.01 A

to 1.50 A, respactively. X-ray data of these intermediate phases mre listed
in Table I, vhere s,w,a mean strong, weak, and medium and vw,mw,ms mean

very waak, medium weak, and medium strong, respectively, The signal to noise
ratio from Fig. 10 ensures that other phases can not exis* as more than

108 of the total sample, and shows the major phase is er-‘e2 in the face
center cubic (F.C.C.) structure. The results of Hf in iron (Hf(Fe)) are not
presented in this thesis. The smallness of the anisotropy of our experiment
fros che 444 XeV gamma transition indicates that it is hopeless to do parity
experiments on the Hf (Fe), in the way we prepared it. Further investigation
on this system might be undertaken in this laboratory by IBOmM ion
implantation into a thin disk of an iron sing’ crystal. The dosage and
incident beam energy should be varied to optimize the results. General
remarks on the ion implantation technique can be found in Deutch'563

review article.
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Fig. 10. The x~ray povder spectrum of Hfo.IZzo.gFez.
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Table I. d-Spacings and Intensities

=omm o srmris wam oz rzisw

thFeSI ZrFezsl ZrFe362

d I d 1 d I
2.80 m 2.49 43 2.936 5
2.75 w 2.13 100 2.681 20
2,63 mw 2,03 30 2.384 50
2.58 ms 1.62 W 2.249 100
2,55 w 1.44 22 2.070 100
2.50 ms 1.36 30 1.977 20
2.47 w 1.25 30 1.951 20
2.38 mg 1.25 30 1.853 5
2.35 8 1.19 w 1.786 1o
2.21 w 1.12 27 1.766 10
2.16 ns 1.635 20
2,09 vw 1.620 20
1.69 w 1.521 20
1.66 w 1.427 50
1.44 w 1.376 100
1.40 w 1.350 80
1.284 50

1.275 50

1.225 20

1.193 80

1.175 100
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B. Activity
The sample weight ranged from 38 mg to 200 mg; using various

neutron irradiation times the approximate resultant activity was 20

IBOmHL The relative activity of IBDme and 181Hf from

either natural hafnium or enriched 86.98% 179Hf is compared in Fig. 11 and

microcuries from

Fig. 12. The advantage of using enriched isotopes is profound as shown
in Fig. 11, especially for long irradiation times. The difference in the
activity ratio (lel)me vs. 18]'Hff) is very critical in impurity studies as
in our case of Hf(Fe) which needed a long irradiation time to obtain enough
activity. Table II lists the count rate of 444 keV gamma transition at the
beginning of and at the end of some experiments.
C. Linearity of Spectra

The linear relationship in energy versus channel number held both
at low and high count rates. By low count rate we mean count rates about
200 cts/sec(0.2KC), and high count rates, 2000 cts/sec(2KC); both refer to
the 444 keV peak at the analyzer. But this is no longer true in efficiency
versus count rate. The efficiency is decreased as the count rate is
increased. Taking the spectra of ]'Bo"ﬂf at room temperature in the same
source~-detector geometry as the real parity experiment for enough time to
cover the whole range of counting situations reveals this fact. The effect
of this "electronic blockage" is clearly shown in Fig, 13 and Fig. 14 for
Det. 1 and Det. 2, respectively. The solid line in both figures axe theo-
retical lines which are an extrapolation from the last six low count rate
experimental points. The balf life of 5.5 hours and good behavior of the

detectors at low count rates are assumed.
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rig. 11. Relative activity of lelﬂf to laaluf from natural hagnium by

neutrons capture at various radiation timas.
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Table II. Orientation and Counting Rate of Detectors

P e SRR

Date Det. No. Distance At the Beginning At the End
(cm) Orientation cts/12 mins cts/12 mins
1 21.6 270 3.5 % 10° 8.1 x 10?
2 20.1 ) 1.7 6.3
6/4/73
3 0.2 90 2.8 7.3
4 11.4 180 1.8 7.8
1 19.7 90 4.6 x 10° 7.1 x 10°
2 5.1 180 4.7 1.3 x 10*
6/5/73
3 9.7 0 4.1 2.4 x 103
4 10.8 270 3.8 5.5
1 29.5 180 1.4 x 10° 6.4 x 10
2 10.8 270 3.5 1.2 x 10°
6/20/73
3 1.5 90 3.1 1.2
4 13.4 0 1.4 7.6 x 10
1 27.1 270 2.9 x 10° 6.4 x 10%
2 9.6 180 2.8 2.1 x 10°
6/29/73
1 1.9 0 2.6 1.1
4 13.5 90 3.3 6.0 x 10°
1 17.1 270 1.8 x 10° 1.7 x 10?
10/2/73

2 9.1 20 8.9 x 104 7.3 x 10
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Fig. 13. The electrcnic blockage of detector 1
The solié line is normal behavior decay curve based on the low
counting recion, while the points are experimental data.
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Det. 1 is a high resolution and high efficiency detector, while
Det. 2 is & high resolution and medium efficiency detector. Althouqh both
have 40 cc of active volumes, today's detector technology is still not able
to reproduce the exact quality. The fact that saturation occurs at 0.7 KC
in pet. 2 while Det. 1 still behaves fine indicates that this anomalous

behavior is a detector 4 - h n, For this reason the

1 4 ¥

independent correction factors are applied for each detactor in the data

analysis. The correction factors arc¢ listed in Table III,

D. Background Subtraction

Linear background subtraction is used throughout the whole data
analysis. The general procedurs is as follows:

1) Select two markers in front of the peak which is under integration
as marker 1 and marker 2.

2) Select another two markers on the other side of the peak as marker 5
and marker 6.

3) BSelect two markers on either side of the photopeak's base line. The
low-snergy marker is chosen low enough in energy to allow the
broadsning of the peak due to plle-~up events and slow rising pulses
at high counting rate.

The spectra at the beginning of the experiment and at the ernd of
the experiment are shown in Fig. 15 and Fig. 16, respectively. The
broadening of the 444 keV photopeak is claarly shown by comparing these
two figures in the low energy end. Figure 17 illustrates the above
mentioned background subtraction. Only the backgrounds of the 444 kev

and the 501 keV peaks are shown for clarity. Wwhere
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Table III.

The Correction Factor for Bach Detector

Uncorrected Uncorracted Uncorrected Oncorrected
Counts/12 ming 3T counte/12 mins < TP Counts/12 mins 2% comts/12 mins | 2CUOF
500000.00 1.518 400000.00 1.830 370000.00 2.50 350000.00 2.17
450000.00 1.448 350000.00 1.600 360000.00 2.30 340000.00 2.04
400000.00 1.372 300000. 00 1.443 350000.00 2.17 300000.00 1.72
300000.00 1.281 200000.00 1.243 340000.00 2.04 250000.00 1.47
200000. 00 1.190 100000..00 1.108 300000.00 1.72 200000.00 1.3
100000.00 1.035 90000.00 1.096 250000.00 1.47 150000.00 1.24
90000.00 1.080 2000000 1.085 20000000 1.34 100000.00 1.16
80000.00 1.084 70000.00 1.0m 150000.00 1.24 90000.00 1.14
70000.00 1.074 60000.00 1.060 100000 .00 1.16 80000.00 1.12
€0000.00 1.064 50000.00 1.049 90000.00 1.14 70000.00 1.10
50000.00 1.058 40000.00 1.035 80000.00 1.12 60000.00 1.08
40000.00 1.045 30000.00 1.025 70000.00 1.10 50000.00 1.075
60000.00 1.43 50000.00 1.50 45000.00 1.880 38000.00 1.58
50000.00 1.336 45000.00 1.405 4000000 1.670 35000.00 1.47
40000.00 1.273 40000.00 1.333 38000.00 1.580 30000.00 1.325
30000.00 1.205 30000.00 1.238 3500000 1.470 28000.00 1.300
20000.00 1.138 20000.00 1.150 30000.00 1.325 25000.00 1.250
10000.00 1.075 10000.00 1.095 28000.00 1.300 20000.00 1.208
9000.00 1.069 9000.90 1.089 25000.00 1.250 15000. 00 1.140
8000.00 1.063 8000.00 1.083 20000.00 1.208 10000.00 1.128
7000.00 1.057 7000.00 1.077 15000.00 1.140 9000. 00 1.090
6000.00 1.050 6000.00 1.070 10000.00 1.128 8000.00 1.080
5000.00 1.044 5000.00 1.06S 9000.00 1.090 7900.00 1.070
4000.00 1.038 4000.00 1.059 8000.00 1.080 6000.00 1.060

-
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channel no. 178(408) as marker 1(5)
" channel no. 218(463) as wmarker 2(6)
X on channel no. 198(438) as the weigh average between

marker 1(S) and marker 2(6G)

channel no. 285 as marker 3, where integration starts
channel no. 357 as marker 4, where integration stops
area B as background

The straight line is drawn through two X. The area under this line between
marker 3 and marker 4 is taken as background.
E. Data Handling

About one to two thousand spectra are written on IBM tape. Fach
spectrum has two records. The first record serves as identifier (ID). The
second record stores the gamma-ray spectrum from Ge(Li) detector and displays
it into 1024 channels spectrum. The first two channels are the live time
of the analyzer. Figure 18 shows the portion of these 1024 channels gamma-
ray spectrum for two diffurent magnetic field directions.

The program called SUMPAR was written to handle the photopeak area
integration. The background correction is mentioned in Section D. SUMPAR
does the following things:

1) Reads in the markers as input data

2) Reads the first record and ignores it

3) Reads the second record and identifies the data points to IDATA

4) Analyses the photopeaks by using the input markers

5) Normalizes the photopeak with respect to the live tim: of the analyzer.
€) Repeats tha step 2 to 5 until the end of the experiment.

7) Prints out the information
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SUMPAR gives the area of the photopeaks with linear background
subtraction. This basic informacion is then fed into another two programs
ANI501 and PARITY to evaluate the anisotropies of 444 keV gamma transition
or 60Co gamma transitions and the asymmetries of‘501 kev gamma transition.
The basic information from SUMPAR is inspected. The optimum combination
of the spectra under the same magnetic condition is chosen. For this reason
alone total automatic data analysis is not attempted. An example of the
output of SUMPAR is presented on the following page.
F. Data Analysis

1. Error analysis. We use the fundamental formula of the propagation

of errors:

o rBE,2 2, 9E 2, 2 A 2 2,172
Uf [(—Bx’ 0," + (ax) L (Bx) o, 1
1 2 n
where
1/2 1/2 _ 172
o) =1 ¢ Oy =%y soeee O =% .

In the case of anisotropy of thermometers we have:

W(90) - W(0)

£=2 - §50) + WO

ap = 4 - V@0 - W(O)/@50) + W(ON>
For the temperature average of parity data (asymmetry) we simply use:

f = (xl R, et xn)/n

g -(cy:"+02+...+c1“2)l/2

£ 1 2 /m
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The above mentioned error analysis must be modified to suit the
way we analyse the data. In order to correct the decay of the activity,
the triple correlation at sach experiment point is omployed. The properly
waighted average in this case is weighted by V3727 of the error, 0. Let
Xy Xye Xy, are total counts accumulated in some regular time interval
at the average time ti-l' t‘, t1+1' respectively. where X's are expsrimant
points after correcting the electronic blockage. It is essential to do this

in order to employ the following formulae.

B, = Explilnx, _, - Inx, )(t,, - t)/(E , -t )}

A= 2. x - Bi)/(xi + B:L)

/ 3
o‘i -4 LI 1/("1 + Bi)

where B, are total activities at time T calzulated from its nearest-
naighbor points, x. and *.1 at time ti-l and t1+1’ respectively. Ai
c&n be either asymmelry of the 501 keV gamma-ray or anisotropy of the 444
keV gumma-ray.

The weighing process is done in two ways to take care of the
different warm-up characteristic of salt pill in differant experiments.
a) For the narrow temperature variation experiments

The experiments of 6/20/73, 6/29/73, and 10/2/73 have a very small

temperature variation. In these experiments the average tempcratures are

used. First the weighted average on Ai is employed:
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N 2
N Zl:ni/(a/z - 0y)

A

Y vz o)
1 i

N Y
- Y473 '; /(32 0‘1)

Then the corresponding parity mixing ratio and its error, € and EE' are
evaluated from A and Ei. respectively.
b} For the wide temperature variation experiments

Only the experiment of 6/4/73 has the wide temperature variation
in experiments which we used to analyze the parity mixing ratio. 1In this
case the data analysis is done as following: First the corresponding
parity mixing ratio and its error are evaluated from Ai and UA. and
temperatures from the anisotropy of the 444 keV gamma-ray at t]'::rne ti' Then

the properly weighing process for parity mixing ratio is carried out as:

2
Ei/(3/2 . Ue )
i
1132 « 02 )
i

=M=z

=Mz

_ N 2y L2
Oz = J4/3‘}_‘, 1/(3/2 - of )
€ 1 €

2. Magnetic hyperfine splitting. The magnetic hyperfine splitting

can be obtained by knowing the anisotropy and the temperature. Temperature

can be measured either internally (the nucleus serving as thermometer sits
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in the same equivalent lattice sites az the nuclaus at which the magnetic
hyperfine splitting is to be evaluated) or cxterﬁally. There are not
availaple data for 60(:0 in 2rFe,. 6ocu(s‘c) is a well known thermometer,

The effective hyperfine field of Hf in iron as an impurity is too small when
the foil is prepared by melting. The secondary internal thermometer other
than 444 keV gamma transition from lBo"\l-u' is not available. Although
external thermometry has several drawbacks, with careful data evaluation
and some pracautions one can reach the same precision as internal thermometry.
By using an external thermometer, several reasons which cause a temperature
gradient bhetween the sample and the thermometer must be taken into
consideration.

a) The sample and the themmometer at different locations

In the case of a very hot active samnle with poor thermal

conductivity to the heat sink, the temperature gradient between the
thermometer and the sample can be huge. The themmometer can read essentially
the sink temperature while the sample is actually at an order of magnitude
higher temperature. This situation was actually met in the early experiments.

b} The sample angd the thermometer at the same location

Different thermal paths for the sample and the thermometer can make
them read different temperatures. This happened when the sample had a great
thermal boindary resistance due to the improper soldering, even when the
6c'Co(E‘e) foil sat on the top of the sample and the sample was directly
soldered to the copper fin. The iron foil would see the lower temperature
through the soft solder joint, and the poor thermal ;:onductivity between

the sample and the copper fin prevented the sample from cooling down.
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Dus to the difficulty of wetting the sample, moft solder instead

of In or Wood's Metal solder was used, with acidic flux. Electroplating

6!

nickel on the sample worked aqually well, The oco(Fu) external thermometer

was carsfully calibrated as listed in Table IV. The tempsrature in column
4 was evaluated based on D(EXP), where D(EXP) = -B.6868 X 10-18 ary,
corresponding to magnetic splitting of 7.9:2.5 mK. D(EXP) {s a product
of magnetic moment and hyperfine field (UH}. D(GOCO) is UH baged on the

temperature evaluated from the anisotropy of 60Co(l-‘o) . The reason for

60

using the weak source strength of Co is that the stronger source strength

of 6OCo presents two problems: a) The signal to noise ratio became worse

due to high Compton background from GOCo in the 444 keV and 501 keV reqions.

It became progressively worse as the IBOme decayed. b) More heat load
was introduced to the heat sink. Even with this weak source strength one
still is able to say that D(EXP) is in agreement with D(°CCo) within 108
and that is the accuracy that most experiments obtained.

3. Internal thermometer. Knowing the magnetic hyperfine splitting

of ISOme in Zx-Fez, one can determine the sample temperature internally by

measuring the anisotropy of the 444 kev gamma transition. A typical internal

tempsrature evaluation based on Det. 1{(112-C) is illustrated in Table V,

The data in Table V are taken from the experimental results of 6/4/73.

Anisotropy is defined as the intemsity ratio of the intensity difference

in 90° and 0° to its average value. ANI in column 6(7) is the anisotropy

evaluated at the data point of 80°(270°) to the polarization axis. Of
course, one can evaluate the anisotropy at the data point of 0° and 180°

in the same manner as ANI and AN2., The difference is expected to be small.

The rest of the experimental results are presented in Table IX.
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Table IV. Detemmination of the Hyperfine Interaction

Time 444 kev mwe. %o TEMP. p(%%0)
(MIN)  ANI(90) AN2(270) (mK)  ANI(90)  AN2(270)  (mK) D(EXP)
16 ,32811(368) 27.75(21) .1866(211) 28.1(2.0) 1.09
48 ,33551(381) 27.32(22).2170(209) 25,7(1.3) 0.93
80 .33310(395) 27.46(23) .2058(211) 26.5(1.7)  0.97
112 ,31575(409) 28.51(26) .2268(207) 25.0(1.4)  0.88
144 .31575(422) 28.40(26) 2026 (209) 26.7(1.7) 0.92
176 .30302(437) 29.27(29).2058(211) 26,5(1.7) 0.91
208 +29060(452) 30.17(32) .2181(208) 25.6(1.5) 0.84
240 .29409(467) 29,92 (31) . 2080 (206} 26.3(1.6) 0.89
272 29706 (483) 29.72(32) .1808(208) 28.7(1.9) 0.95
304 .29225(499) 30.05(36) . 1606 (210) 30.7(2.4) 1.01
336 .27674(516) 31.17(40) .1675(207) 29.9(2.2) 0.96
368 .26097(534) 32.40(44).1711(207) 29,6(2.1) 0.91
400 .25859(551) 32.60 (45) .2070(207) 26.4(1.6):  0.82
432 .25263(571) _ 33.09(51).1873(208) 28.0(1.9) 0.85
464 .24922(590) 33.39(51) .1647(207) 30.3(2.2) 0.91
496 .24448(608) 33.80(53).1281(207) 34.9(3.1) 1.04
528 23366 (631) 34.79(59) .1712(205) 29.2(1.5) 0.83
560 .23971(649) 34,23(60) .1527(205) 31.6(2.4)  0.92
592 .23675(670) 34.51(62) .1190(207) 36.5(3.5) 1.06
624 .22567(696) 35.57(69) .1392(206) 33.4(2.8)  0.94
656 .23274(715) 34.88(66) .094¢ (207) 41.8(5.0) 1.20
688 .22063(740) 36.07(78) .1540(205) 31.5(2.4) 0.87
720 .21064(766) 37.13(86) .1728(205) 29.5(2.0) 0.79
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4. Asymmetry of the 501 keV y-ray. The results of the asymmetry

measurements of the 501 keV gamma transition from 180::1“ are presented in
Table V with the experimental results of 6/4/73, 6/20/73, 6/29/73, 10/2/73.
AAW in column 4(5) is the average value of W(180D) and AW(OD) (AW(180D) and
W(oD)). AW{OD) is the arithmetic average of W(OD)s at equal time before
and after W(180D). The true W(OD) at the data point of W(l80D) is expected
to be very close to AW(OD) in the 16 min time interval. The error in
column 6 is evaluated as mentioned in Section F of 1 error analysis. All
the results of different experiments agree with each other pretty well.
Det. 2(102-6) in the experiments of 6/20/73 and 6/29/73 had magnetic field
dependent characteristics. Whether the small asymmetries in these two
experiments is due to this characteristic or not is not known.

5. Asymmetry test. Asymmetry tests of the 444 keV gamma transition
from 180mH£ served as a systematic asymmetry test. The result is presented
in Table VII, and it shows there is no systematic asymmetry bigger than
0.0005(9) in pet. 1 of 6/4/73, while the asymmetry we observed in 50l kev
gamma transition is 0.022(3). It is cleariy shown in this result that.: the
asymmetyy of the 501 keV is real. 6"',Co asymmetry tests were also carried
out. The results in 11/2/73, 11/8/73, 11/13/73, and 11/15/73 are not as
convincing as the results from the 444 keV gamma transition due to
ingufficient statisties, although it is negative. The stronger source of
GOCO alone in the early experiment showed no asymmetry but the system was
modified later due to its vulnerability to superfluid leaks.

6. Parity mixing ratio. The results of parity mixing ratio are

presented in Tal e VIII. The only ambiguity in the determmination of the
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TAMLE VI ASYPHETRY OF THE 301 WREV ZAMMA RAY

TINE 1IN MIN. ui o HELBOD) Wi2OOD)~AWEOD) AW(1800) -N 100}
LIV Adw ERRAR

OFT.4 Lo72/78

L4 15009.83
312,00 15771.%2 +0302 OLl362
54,00 14821,)1 20324 0119520
1405602 «023¢ 2
16154,7% 0443 20l184s
13677.87 0o 012028
13410,00 « 0054 2012i92
1311%.08 0137 042391
12422432 0237 012987
12637483 <0181 012748
12034.19 ~«0004 012893
YL F LY 1) -+ 0CO% «083108
11268.49 =.0013 013327
10085.51 -« 000 013538
10662.02 «0038 2013682
480,00 10524, 46 «029¢ «OL 305
512.00 3794.22
TENP, AVERAGE STANDARD Ot VIATION +01270¢ «00%696
DET,2 1672/73
a 15022.19
32,00 14410.00 «003% «0lTT1
54,00 13920.60 «0124 «012024
%5.00 £310T7.43 »0352 012241
132641.80 «0357 012397
. 12454,59 . «0235 «01259¢
«00 1227%.04 + 0034 «012773
224,00 12023.21 - 0328 a012906
256,00 1i707.81 - 0029 «013061
208,00 11465.85 e 0096 «-01323%
320,00 11015.83 -s0033 013463
352,00 10652, 06 #0203 «0130632
384,00 10128.80 «0331 «013T04
416.00 10113.92 0155 014007
448,00 9835,34 014t <014312
480.00 9289.22 <0857 +040117
512,00 9379.22

TEMP, AVERAGE STANDARQ DEVIATICN «212931 « 004895
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mixing ratio are Gl and Gy (see p. 16). The uncertainty introduced in
determining the parity mixing ratio due to the uncertainty in 63 is small
bescause !:;3 is multiplied by 83A3 and this latter quantity is only 11. %
of Blhl at temperature in the range 20-30 mK. The high value of 62 and 64
we used snsures that Gl is nearly equal to 1. So the uncertainty due to
G:I. is alao small. Averaging all the available experimental data, we get
the mixing ratio equal to ~0,0290(19). This value is lower than all the
previous experimental recults which are listed in Table VIII. The arror
we quote is mimply statistical in nature.
7. Summary of the results. The following things were checked or
tried:
a) Radiation damage due to the recoil energy from thermal neutron capture
is negligible in the metallic system.
b) Crystal imperfection introduced by neutron capture and/or mechanical
stress cannot be detected.
c) Magnetic saturation on the sample was checked in higher magnetic fields.
The instability of the power supply makes the experiment very difficult,
but one still can show the magnetic field we used actually saturated the
sample.
d) A 4 counter and a 2 counter system werxe met up to check any systematic
asymmetry. No such effect can be deduced within our experimental accuracy.
Table IX summarizes all the relevant experiments. Column 3 liats
zoﬁghly the geometry of the sample before soft soldering. Column 4 liats
the internal temparature based on the 444 keV gamma transition of leo"Hf.

Column 5 specifies whether the sample was prepared before the thermal
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Table VIII. Asymmetry and Mixing Ratio

Date Ser. No. Distance Orientation Asymmetry and Mixing Rnt!.o.
{Ave. Temp.) Tewp. Range ~€
112-C 21.6 om 270¢ 0464 (59)*
17,75-29.20 mK b
[ 3068-C  20.1 o°* .0378(68)
6/4/73 16.30-28.00 mK b
68~ 10.2 90* 0464 (64)
15,35-28.00 mK b
239A-C 11.4 180° .0252(62)
15.35-27.20 mK
112-C 29.5 180 015976 (3957) .0279(75).
16.5 mX b
102-6 10.8 270° +010015 (2832) .0184(52)
6/20/73 16.0 mK b
{16.4 =K) 68-B 11.5 90° .013766(2736) .0252(50)
16.0 mK b
239A~C 13.4 o* .016237(4432) .0296(81)
16.55 mX
112-¢ 27.1 270* .011108(3027) .0244(67)’
23.4 0K b
102-6 9.6 180° .006819 (2459) .0151(55)
6/29/73 20.9 mK b
(22,0 mK) 68-B 11.9 o* .013104(2340) .0290(52)
19.5 mK b
239A~C 13.5 90° .011068(3278) .0244(73)
22.6 mK
112-C 17.1 270° .012704 (4696) .0281 (89) a
10/2/73 16.2-18.3 mK b
(17,35 =mK) 102-6 9.1 90° .012931(4895) .0283(92)
16.2-18.7 mX
This experiment 0.0290(19)
Xrane st al., Phys. Rev. C 4, 1906 (1971) 0.038 (4)
Jenschke at al., Phys. Letters 31B, 65 (1970) 0.041 (7)
Lipson et al., Phys. Letters 35B, 307 (1971) 0.033 (9)

"l'hc solid angle correction used for a,b,c are listed in the following:
(continued)
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Table VIII (continued)

G G G G

1 2 3 4
a 1.0000 0.9920 0.9900 0.9800
b 0,99%0 0.9852 0.9680 0.9512

'tho parity mixing ratio of this experiment is evaluated from each

experimental point as described in the text.

LW Y GNP T Y N



Table IX. Summary
Date No. of Detectors a/b ratio Temperature Compound Made Anneal
Being Used (mK) Before or After
Neutron Capture
6/4/73 4 .034/.211 16.8-28.0 before no
6/5/73 4 .034/.211 16.4-34.1 before no
6/20/73 a .022/.189 18. before no
6/29/73 4 .0205/.238 25. before no
7/4/73 4 6.:)Ct:o (Fe) 10. - -
9/26/73 2 .0205/.238 16.0-32.0 before no
10/2/73 2 .0205/.238 17.3-28.7 before no
11/1/73 2 .025/.257 29. =33. before kyes
11/8/73 2 .034/.254 29. -37. after no
11/13/73 2 .025/.223 22.0-24.2 after no
11/15/73 2 - 27.1-38.0 after no

-9g-
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neutron capture or after. The sample used in the experiments of 9/26/73
and 10/2/73 was the old sample from 6/29/73; the surface of the sample was
just cleaned and it was sent into the reactor again.

Ir. Discussion

The asymmetry is unambiguously cbserved in the 501 kev gamma
transition of lame. The optimun experimental situation can be reached,
if the following things can be achisved:

A. About Datectors

Remaving the electronic blockage will be the major improvement of
this experiment. Detectors to be used in this experiment must be able to
tolerate high counting rate situations without degrading the efficiency
of the detector.

B. About the Polarizing Magnet

Three things can be done with respect to the magnet:

1. Ripple fram the putput of the power supply must be eliminated.

The amplifier of the D.C. power supply is in resonance with the inductance

of the polarizing ma'gnet. At higher current outputs the ripple amplitude
and frequency was so high that it actually drove the superconducting magnet
normal. Worst of all it almost always heated up the sample by eddy current

heating,

2. Modify the linear ramp into sinusoidal ramp, This modification

will further lessen the eddy current heating from rotating the magnetic

field. The experiments show that it is not essential but it is nice.

3. Set the polarizing magnet in 4°K instead of 1°K. The advantage

of this will be discussed in the next section.
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C. About the Cryostat
The tail gection of the cryostat is so small (1/2" 0.D.) in space,

that one cannot have confidence that the sample will not touch the
inner wall of the tail section. The tail section will certainly be at 1°K,
The smallness of the tail section is dictated by the polarizing magnet
which is inside the 1°K bath. 1In order to put the polarizing magnet in
the 4°K bath, two ways can be used to solve the problem, but both involve
major work.

1) Change the inner wall of 4°K bath to make room for the polarizing magnet
to get in,

2) Ksep the same dewar and wind a magnet with bigger wire to allow higher
current, say 50-100 amperes so that the magnet can be made small enough

to fix into the present dewar. To wind a new magnet 1s not too difficult.
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APPENDIX I

Inteyractions

GAMMA MATRICES AND INTERACTIONS

Interactions can be described in terms of their degres of froedom,

Interaction

Scalar
Pssudoscalar

Vector
Axial vector

Tensor

In 4-dimensional phass space, we have 16 degree of freedom.

Degrees of
Freedom

1
1
4
4
6

Symbol

T

Interaction
Matrix

Bew
brvg e v
by v
Fvg s vg ¥
b ogg ¥

If we sum up

all the dimensicns in column 2, we do get 16 degres of freedom. Hare §

are annihilation operators, ¥ are creation operators, oa.ﬁ are antisymmatry

tensor.

- 4 * *
y=y 'Y"Wlu'ﬂz:-%

*

.,
:“‘1’4!
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II. Gapma Matrices

Gamma matrices are the solutions of the Dirac equation. They are

normalized and satisfy the commutation relation:

Yy YtV Y- lYu:Y\,l+ =0 B¥vV , nve=l,2,3,4

1 0 0 o
roo 0o 1 0 o
Y- =
4
0 -1 0 0o -1 o0
o 0o 0 -l
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APPENDIX II

ANISOTROPY OF 444 keV AND ASYMMETRY OF 501 keV

GAMMA TRANSITION FNOM POLARTZED °™ge

T. Anisotropy of 444 keV

The anisotropy of 444 keV from polurized ™ys i 2rFe, lattice
is calculated under the following assumptions:
1) %7 keV 8- to 8+ transition is pure X1
2) 444 keV 8+ to &+ is pure E2
Then we get the following values as input data for computation.

magnetic hyperfine splitting W -2.68686 x 10718 gy
reorientation parameter u(2) 0.95833

u(4) 0.86111

angular distribution F(2,1) -0.38132
parameter, rk
F{4,1) -0.17271
solid angle correction G(2) 0.992; 0.9852; 0.9725
G(4) 0,980; 0.9512; 0.9110
Three geometries have besn used.
The results with the listing of the FORTRAN program ars presented
in the following pages.
II. Asymmetry of 501 keV
. 1680m
The asymmetry of 501 keV transition from polarized HE in

ZrFe, lattice can be calculated with known parity mixing ratio. In order

2
to simplify the program handling, we absorb the parity mixing ratio into

the solid angle corresction terms, Gk and take these as parameters.
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DIEVSIOV 10(4)

J14€ENSLON (L)

DIHENSIOV: >ANMI0I 9 AR Dy
DIMENSION J(4)0Alked)
COMIMN/PARIN/JeStA, S0 IDE

Padd3Is0(y)  SDLID AVGLE cCOAECTIOV SHEFFICIENT

Pai2)2G(2) SOLID AvGLE CCORECTYION ZnEFFICIENT

PA%i{3)s@¢3) $0.ID AVOLE CCOIECTION CnEFFICIENT

PA{4)=sG(s)  $3.10 AVGLE CCORECTION COEFFICIENT

a2¢3)aASFY ASTIVITY AT TIME O

PAEISRATIO MIRINA AATID OF GAMMA RAY ONE LDOSING AT
PARTIBH AALF LIFE OF ISOMEALL STATE IV WlUAS
PAMS)STIN? IVITRaL YEMIEAATURL ATAER DEMAOVETIZATIIN
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12X494ANT ST IO 92R019 ANISTROIY L //)
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XByed
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PARCI) 80,0
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AWAD 10y 1T
D0 999 Kayed
READ 14y 1D
READ 9y A 2) p2AR(e)
SRINT 1%, 13
BRINT 13, Rad2) sPe2 (4}
PRINT 1]
00 L %2130
AYaFLOAT (1)1,
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SUSROUTINE THEIRY{ JeXe20X FedPAR}
EQL LN2s
JTAEVE100 o1 (61 9P2(4) 433 (41 $3814)
DIVENSIONV 3m319) 2P eR()D)
JIUENSIOW 3489 9 JE4) 90 (6,3)
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NalDE
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P1i2)mp-
P1idis=|,
'l(ﬂl .

<H I

"2{d)nl,

p2i{sluap,g

P3{l)ml,

23(2)m0e

#3(3)m=),

XT3 T Y

aqll)al,

P4(2)w0,4375

Paldisl,

P4 ie)uDedT75

3(1)=PAR(1)

3(2)sPAR(2)

5(3)sPAR(T)

O(eIsPAR (&)

ACTOwPAR(S)

RATIOaPA i 8)

4LPPAR(T)

TEYPsPAR(R)

SLIPsPAR(Y)

BASKSPAR (] 1)

A;l(l(lulg-g.Oalrxaotx|.z,onATlo"’tlts-3))111-°iAYlJ-02)
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42548 (2011 42, 0ART 108 (242) SRATIN¥O208(2,31) /{1, +TAFL Jw 02}
43844(391) ) 'iATlo'l(J-!)oRATlO"BIl(Jo3)ll(l o34F13e02)
- MULTIP.N OR M1l 23

€L LD EICHLRLD

A4 {AL60)) 02.0RAT 1200 (442) ¢RATIONR200(493)) 7 (123U T]J002)

3ETARL o/ (] 3890 TENRS)

igTAlllEll"lo'SLO"l)

3xMMBETAY

C1952AT (,,7{(5¢1s)85))
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F2=1,
Le2,45¢5,
DD 2 Tul,t
F2=F2%]
2 CONTINUE
- IS ONE STATEMENT 0] WITH OUT PAKENTHSIS GFOUP CORRECY

TF{S=2e) 3y 244
& C4uSQRTIL 2.¢SeL. I¥FL/F2)
GN TN 5

EX=EXP (=AMKB)

SO=SO+EX

Si=S LeAMeEY

S2uS2+AVRR 2R EX

SInSIeAMRRINEX

S6xS6eAMSRLGREX

SSuSS5¢AMRESSEX

AMXm [=AMSE X

Sll=S11eANX

S21=5214AMAANX

S31eS31¢AVKE28 M X

SGleS4LeAMESIRAMX

§51uS 5 LeAMA 4B/ MX
6 CONTINUE
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LNZapL 0G24 3

LTsHL *60./LN2

TaxA T

ExFXP (=T}

FOs (Lo 4ALOHISG(LI®I(LI*PLLINE) +

1 A2%R 24G(2)%UL 2) %P 2() DE )+

2 AISRICGIII*UIIISPI(TDE D+

3 AGPRGAG L4 IR0 ) PP4 {1 DE) )SALTO*E

FeFOeBACK

1FLJ) 10,112,112 -
11 CONTINUE

C
c DERIVATIVE OF F
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.02200 J219 2558 4p385  1,8475] 55949 43719
<0230 » 13633 1997 438364 1,8563¢ 52101 - 41334
0240 « 74928 1453 035455  1,86441 48627 37117
«025p 16235 1928 30681 1,879 45480 +37054

0 11446 «33006 1,87865 42621 +3313s
L02700  ,765¢8  1,p3930  ,31432 1,88528 40016 3334
102800 o795%  1,03519 «29952  1.8912% «37635 «31675
02900 280559 ° 1,09121 29562  1,89679 354558 32116
+03000 oB1a71  1,p3725 «2725¢  1,9019¢ «33453 +29639
»03100 »82325  1,9335) 225024  1,90676  ,316)1 27297
«03200 .831:9 1.07996 .as:e1 1.91125 «29913 .25221
«€3300 «83834  1,p78S 223777 1,91544 « 26345 20829
.03400 «84533 1.3135 2275  1,91935 26893 23136
«035%00 «85250  1.p70%2 21782 1,92302 + 25567 122633
03600 »R5889 1,575 20068 1,92646 226297 +21665
«03700 oBBed)  1,45637 *20007  1,92968 +23134 +20736
,03800 »87039  1,n%232 13193 1,93271 22051  ,1985)
.03%0 LA75%  1,53939 210424 1,93555 «2104¢ 17637
«04000 «B88063  1,03750 176036  1,93823 +20795 + 18260
04100 »88533 1, g35%2 17008 1,94 75 L1811 17527

+03100 92q7 1.0387 1,95948 8 ;
0310 :”gﬁ l.o ‘S «11803 aine +12820 s12067



«05300

1.01629
1.03514
1.03404
1.03299
1,03138
1l.03192
1,03010
1.02922
1.02837
1402758
‘oﬂ?b*g
1,02634
1.02532
1.03450

1.n1134

-84

11080
.12685
103066
10022

1.96718
1,96343
1,96462
1.96576
1.96684
1,96788
1,96A87
1,96981
1.97:72
1,97158
1.972¢1
1,97329
1,97396
1,97469
1,97539
1,97606
1,97a671
1,97733
1,97792
1,9745¢
1,97905
1,979%8
1,9800%
1,98,58
1,98106
1,98152
1,90196
1,98238
1,98289
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10 CY APART AFluUvessKIn

PAR(2) = o 98520 PARCy) 0 95120
TEYP INiK Wi y0) LANCAB] Dy AY ANTSTR02Y  ANISPRIPYY

+00100 03179  1.,299%2  1,15766 1,34)2) 12,61216  1,72626
«10218  1,28998  1,14690  1,33127 11,2246 1,637%>
013298 1,29738 1.11536 1,38:34  A,4186b  1,6)6)7
17606 1,238%6 1,07182 1,6197n £,15272 1,53937
221930 1428217 1,02237  1,46197 4,65136  1,398%>
W 26576 1 .23777 W97231  1,50353  1,65753  [,2923R
231026  1,232048 32222  1.562T6  2,97246  1,19557
035251  1.27b46 JHT393 1,57R96  2,47916 1,13697
«39223  1,2199 «82758  1,6120%  2,1099¢  1,0267%
42935 1,2)274 78339 1,6872)10 1,82456 J956112
40375 1,21535 L74040  1,66931 ) ,598g0 83827
49615 1,377 70151 1,69392 y,4141) A2R139
252610  1,19029 «66399  1,71620 1,26209 W77379
55396 1,1328] (62066  1,73637  1,13440 W 72337
579387 11763 53494 1.75468 1.,02598 267814
«60379  1,16733 «54334  1,77131 93271 +63647
62643 1,15033 033339 1,70646 .85189 537
66736 1,1529 50560 1.80028 #8104 1556159
66692  1,14639 471927 1,8)292 71874 52877
68498 1,13931 45452 1,82449 266356 49825
70192 1413319 43327 1,83519 261442 47002
73712 1,1°718 40963 1 84486 57046 40396
73247 1,12138 .38831 11,8538 »530%6 41937
oTe624  1,11539 238056 11,8621 #9534 «J33THy
75912 1,11156 .35155  1,R6978 48310 037693
«I7118  1,1-37) «33455 1, A7c86 243383 «3363,
78282 1,17)%0 «31839  1,86342 J4p71A +3393)
TP 103958 .39338 ] ,6895, »38285 #3213

90750 1,998)1 .13732  1,95251 215154 16096
.310;: l.oaa;z .\3210 l.OSs:o 214570 213539
13 1.0 1 1,93588 %018 3
R1TI R S H T B + ¢ S 1t
091956 1403925 11939 1.9589) 13004 012219
92236 1,03737 11563 1,9603) »12537 211738




03600
203700
«09800
«09900
«10000

1.011%8

-86~

03480

1.96164
1.96P92
1,56413
1,96528
1,96€38
1.96743
1.96864
1.,96939
1,97.31
1,97119
1497203
1,97283
1497369
1,9743¢
1,9750%
1.97573
1,97639
1,97102
1,97762
1,9782¢
1.97876
1,97930
1,57982
1.,98-32
1,98:48q
1,98127
1,98171
1,99215
1,98756
1,98297
1,9833¢
1,98373
198410
1,98445
1,98479
1,98512
1.,99544
1,98575
1,9840%
1,98634
1,98662
1,98680
1.98716
1,98742
1498766
1,9087591
1,988l
1,98837

036N

03568
«03%90
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15 CY APART HF)BUMLS 4KV

PaAK(2)® 99200 JAR (455 +98000

TEVP IN K AC o) aC 9} (2% Ay AVISTROZY ANISPRIPY]
08025  1.28229  1,18954  1,32915 14,6p381  1,759p9
09088 1:3tedp  anidein 103358 D3:5RASy 10733
12154 128770 1,12017 1436926 9,266179  |,68638
216337  1,245%8  1,008151  1.,40056¢  5,59654  |,5347,
221006 1424236 1403170  1.45203  4,90290  .42034
25723  1,23412 WINGRE  1,49538  3.8132¢ 1,311
,302¢9 1,2329%
234548 1,22733

J8917¢  1,65037  .18062 L.%4el3 L1801  .18523
.::::3 l.oszt; .15::¢ l.’no:g .1120; 1580

4 [} 1,948 [ 1] 3
. }o. ol 3‘. l:’;ﬂgc ol ol" (4

«90632 1,965 +13080  1,95214 015272 s1418A
21012 1.08376 «13353  1,95388 214583 013679

92178 1,039 «11948 1 900y 12633 211837



1.n1228
l.m232
l.gu179
1,01158%

-88-

1,9875H
1.96782
1,96206
1,98029

0413
«040?8
003945
«03865
203787
0312
03038
03587

«03019
LN4837
JNa79R
206692
»245%)
G443
» 14335
WNe23p
+ub2n2
«0611%
«0% 03N
0349
003359
3732
«J3717
CELI)
03579
03505
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The input data for computatica are:

x 10718 or

magnetic hyperfine splitting UH -8.68686 o
reorienta:ion parameters u(k) 1. for k = 1,2,3,4
mixi~ vatio for E3/M2 PAR(6) 5.34522

F(1,1) ~0.6124

F(1,2) 0.5345

F(2,1) -0.38132

angulzr distribution F(2,2) -0.58248
parameter F(2,3) -0.22244
F(3,1 0.5393

F(3,2) -0.2746

F(4,1) =0.17271
F(4,2) 0.65953
F(4,3) +0.10075

solid angle correction G(1) 1.0000;
G(2) 0.992 ;

G(3) 0.9900;

G(4) 0.9800;

The parity mixing ratio is varied frem 0.01 to

0.9990; 0.99270
0,9852; 0.9725
0.9680; 0.9420
0.,9512; 0.9110

0.085 in 0.0025 step for

G(1) = 1. and from 0.010 to 0.080 in 0.0020 step for G(1l) = 0.9990 and

$,9970. All the IJk are equal to 1., because the 501 keV transition is

coming out directly from the polarized 8- isomeric state.

Only one geometry, i.e., G(1) = 1. and

in the following pages as an example.

€ = -0,0325 is presented
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FROGRZ Y ANUSTUINPUT (NUTHPUT )
CIMEMSICH ¥Y(3)
DIMENSTON PAR(LO) 0PI L10)
DIMEMSINA  Uf4)gAlde3)
COMMIR JPARIN/UpSeA gl TDL
G FORMAT (1H1g 10X 20HPARTTY MAXING PATIO= Fl0LS//77)
100 FPEMAT (BF105¢
191 FOavAY {4F10 .5}
172 FORPAT(FLIM e 244220410}

PAF(L)=G(L)  SPLID ANGLE CLORELTION CNEFFICGIENT
PARL2)m0(2)  SOLID ANGLE LLOPECTION LDEFFIGCLENT
PrR(3)=03) SOLTO ANGLE CCORELTTION COEFFTGIENT
PrR{4) G (4) SOLIC ANGLE LLORECTION COEFFICLENT
PARISI=ALTO ALTIVITY AT TIME O

PAR L) =RATIL MIXING RATI0Y ('F RAMMA RAY ONE LNOKING AT
PAR(T) =HL HALF LTEE OF 1SPMEEYL STATE IN HOURS

PAR(BY=TEMP  INITIAL TeMPERATUPE AFTER DEMAGNET SZATICN

PARCY eSO AT E DF TEMPEKATURE FAISE AFTEF DEMACMFYIZATTUN

FAR(10)=BALK

FlLel "I=FLILDNEFF. OF GAMMA FAY L AND L*

ALold=FLIL410e ALLy2)mF1(142)y A(Lly3)=FLl(2,2}
Al2s 10=F201 910y n(292)0mF20142)y A(2:3)=F2{2,42)
A(3413=F3(Ly1 Y AL, 2)=F3U142)y A{D43)=F3(2,2)
AlGe L)=E4lLlyl)y Alae2)=F4lle2)y AlBe3)aFa{2,2)

10 FORMAT {F1f,.5)
11 FORMATULDXs 4GHTEMP IN K wi{l800} H{ oD) W{ 9or)
12X 9N SYMUETKY e Xy JHANISTROPY// )
12 FORMET(lOKef 104 590FLQe55F10e51F10.5¢F10.5,F10.5,F10.5)
Jr=}
K=Nat
FFAD 101, (UL}, =1,4)
RFLD 102 S,UH
FEAD 100y (1 (Y o J)yd=Ly3)el=ly4)
Par{2)=0.992
PAF (4) =" .98
PAR(5}=1.0
PAR{6InG.34522
PAF(T)=5.5
PAR(9)=0.0
PAF (1P ) =0.0
FEAD 10y T1
Px=0.02
00 Uy kxlyz]
BIFLOAT(V ) =1.
PaAR (1) =P X490 ,005%4]
PAR{3) =0.99*PAR{ 1)
E=PAR (1)#0e5
PRINT 9,E
PFTNT 11
on 1 1=],100
AV =FLCAT(Y )=,
PrO{B)=T[+A1%0.001
0G 2 TDE=1,2
CELL THECKY (SeXyPAR, Y{IUE ), DPAR)

AW


http://fWATJJ.Hl

-1~

2 COMTINUE
AYe(Y(3) Y (1))%0.5
DY=(Y(3)=~Y( 1) §/AY
ANW{Y{2)=Y (1} 3/AY
PRINT 22¢ PARID) s Y1) 4¥I1) s ¥2) 4 AYy DY/
1 CONTTNUE
999 CONTINUE
END
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SHEE TN E THEE R Y 0y X0l g b 75 )
EFal 1N

PEMENSIOR 0 1Ca) o1 20at gl 3(a) 54 l4)
PYSERCTEA PLadLY )y irf (La)

NIMERGTON £ (4) el L4) g 84y 3}
OO IR TN/ Uy Sy antitle T L
¢
¥ PLONE IS (Y DE=1)7S0
L P L T Y LY A F AN S R I N R WY ]

¢ BIETUL D =00 5% (he® 1, 1SEIN=1 )Y 9D) ) e4Feasli f(1=1)890

f. PALIDE IZ 041 29% (30 (L SUIL =11 0N Y am JH (L L(A=1)2qC) ) **2¢3)
¢ iy
{

PIilIrle
LA W% RalaiN
rit3l==1.
fllai=".
Pellirl,
B2(L)==0e8
P2(di~1.
P2(a)-=0e"
FI(1-1,
fEl2)=0.
P3(3)=-1,
ETES LIy
4a(iy=1,
Pa(2)=0e375
P4(3)=l.
#4(4)-0s37%
C(ly=PrF (1)
642)1=0AP 2}
fl3d=rAR {3}
(lar=taR {4)
L(TP=0 48 (5}
FETIU =PAY(6)
ML=t (T)
TENP=PLEL8)
SULAP =P AF (9)
NACK=0PP (1)}
FL=UACLL LI La¥BATHIRA (L 2) 4 LI 10RE250 (1 30D/ (1 48ATINAR D)
~ S TICLY 20 MIVIOE BY )

AZe(Al2y LY e zanl LTIV AL242) b ATIONR2HA(2,31)/ L1 4RATIONR2]}
F3uqALE L) L™ PYIDRACA, 2)oP/TIOARZENG 34300 /L 14 #OATINSS2)
~ MILTIPLY OF BIVIDE 8Y 1

LAmlh a1 )20k AT 1%/ 4 2145 AT IN®E20A (4 3) )/ (1,400 T AW 2D)
VETA=1./{13E.CrIENP2S)
RETAL=NEVE/ (LatSLOPRX)
Rt uET LY
CLleSQf T(3,/((S¢l,14S))
(2234  SOPT(5e/4S% (Sl ad(2.45=10 ) ¥ (2a%5#340))
CAm5e " SERTL Ta /{4 S2 {2024 ¢ 30 IR (Sl NS (2,%5 -1 44 (C=~1,00))
fl=1,
"25“'*'0.
07 1 1rl,t
Fl=F1*1

1O TIrUE

TS LR SYATEMENT 00 {ITH QUT PAEERTHSTS GLAGUP CLEPECT




-g3=

Fasle
Le2o®Se5,

2 CONTINJE
1S ONF STATEWruF D) ®1TH OJT PARENTHSIS 3RDUP CORR:ICT

IF(S=2e¢) 34306
¢ CesSQRT(( 2298¢ls)0Fi/F2)
60 70 5
3 Cesy,
S S080,
$190.
52%0.
$380,
S4%0.
5580
S1lsp,
S2ls=0,
Salsg,
Selmp,
§Sisg,
NL#2,95¢),
Do 6 K®1eN.I
AMBKelo=§
EXSEXP (=amrg)
SpaSgeEX
S$1965] ¢AMBE ¢
M

AMim (= AM) # K
sll=aslleoamg,

S218521eamnt a0

S3laS3eniizo20quX

SeluSeloamesionvx

S51a551 e aMue 4o a4k

6 CONTINJE

B)=C185) /8.

B2sC20(§2 5 ~50(501,173,)
B38C38(S3/3n0s2¥(3,05062,3, 050140 05)/5)
Bucrlz:o.05.6150-30.0(e.-s-OZor:,Os-S'.)-52150015.'5’(:-1 BEII TN
1(S5¢2})

LN2=ALOG(2,)

LTaHL#60,/ N2

Tel/.T

ExihP(=T)

Feol ¢AL®N RG] ) (1) *p) (TVEDS

1 A2#3 28351 2) U (2) 932 (1DE) «
2 A3%E3P 33 ¥U(3) 853 (1DE) «
3 AduBsa3ie) U sy 0% (IDE) ) waACTOeD)
Fufiy+BACQ t

IFCI) 1oottel

11 CONTINYE

DEXIVATIVE 071 F
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DPAR(1) =41 w31 #J(1)wP] (IDE)#ASTO0E
OPAR (2) mA2w32% J(2) w02 (1DE) #AZTCE

OPAR(3) =a3B33% (31 P02y #ALTOGE

DPAR (&) maéna4® ) (&) wP4(IDE)eAZT ek

DPAR(SIm (), o183 ] (1) by (1) ®21 (1DE)

1 A2032%5(2)9(2)®32 (1DE) »

2 2303305031 8u(3)#23{IDk)s

[ AM#3405 () 0L ) #26 (10E) ) uf

DAIE2, #(«RATIOMA Lo 1) 0 (10=RATION®2) 0411,2) +RATIURA(393))

DA2E2,* («RATIOMA(2,)) ¢ (] (aRATID®®2) 84 (242) ¢RATLIU®A(247))

DAIB2,%(=RATIO#AI39) Ve () ,oRATION*2) #a(242) +RATIURA(Iy3))

DAGER S (aRATIONA(Gg]) ¢ (14=RATION®2) #A (4 2) ¢RATIURA(G2))

OPAR(A) = (DA1#BYSG 1) #U(])wPL{IDE) +

DA2PB2%G(2) #U(2) #P2(1DE) +
D43#83%G (1) 00 (3) wP3(IDE) +
NAPBERGC4) U4} #PLITOE) S AZTURE/ (1, +IRTLI®p ) nep

DPAR(7) m{T/H.§ 8FD

CITRD 20 (2, #380243 #5a1,)

Co mI, a®(6,0500206,05a5,)

DBT==R/TIM3(

Ds0T#511 DT

DSITeS2) 804

DS2T=S31 DA

DS31=S410p30

0S4T255) 030

OB1TsC1#(5,0)6)T=S3#)5,7T) /Spes2

JR2T=C2®% t51*)621=52%3607) /50 **2

DR 3TaC3w((30805312638D507) /508 #2=CIFRDRIT/CY)

OgluCas (5139830005, Tol #050T) /50895,uC,FoU3,1/Co)

OPAR(BIm(A|#IO1T*G(1I*J(i)*P) (IDE) & :

1 A?nnaarqoa2)~J(e,npa(xng)o
A3%IB3T*G(3)#Ji3)1%P3(J0E) e
lzﬁoslf!G(E)'J53)0P2tlné))oAcroﬁe

SSE(]4+5_DowX)

OuSmep®K/S5

JS05=S11#p 6

DS1§8521#D 46

DS25253]1 #0 36

Dsis=sé}wDis

DS45255] #D 6

DB1S=C1® (S4#I615-51#36)5) /5802

OR2SEC2® (S1#1625=520060G) /50 we2

DB3ISaCI® ((3n#D5355300505) /Spee®>=CIF#N3]5/C))

DHOBECA®( 217¢#(S08D565=54%05,5) /SoewpCaFe0325/22)

OPURI9) =(A1#3B)58G(1)#J())oP) (IDE)+
4393825%G(2120(2)*P2(Luf)e

2 436383596 (3)#J(3)#P3I(ILE) s

3 As#IBA5%G ()8 (4) 9Py (1DE) 1eacTORE

JPAR(1D) &,
10 CavilINUE
: RETURN

END

o I\ o



PARYTY MAXIM €nTYf=

TEMP TH K

» 31000
. Q1100
401200
« 01300
PLsE
«01500
e 311637
«01700
«01800
Jnlore
02000
«02100
02200
+02300
2670
+02500
«0260C
.02700
«02800
+ 52907
«03000
»D3100
»02200
«03300
023630
203500
»33600
«"3TLE
03400
.03932
»04000
» 04100
200
04300
£4470
04500
«04600
Rt Lk
204800
04900
«05000
05100
rehld
~05300
« 05400
«05500
«05600
5776
115800
« 05900
«N60N0
+06100
6270
«06300

RESEDL

48334
«H0083
«S5l881
+53707
+55539
«57354
e 99149
60502
<2605
64253
N-3LYY
67365
o« hliR24
«70217
« 71545
« 72807
« 72010
« 75150
e 76231
« 77256
«78228
«79140
« 80019
«80845
«31627
+H2367
«H3069
«83734
«84365
« 84963
« 85530
» 86064
86580
«B7065
+87527
87966
+8H38%
- 4B781
«89160
«RBU421
« 49865
90193
«SUSCT
«90806
+91791
« 91365
+921626
«91870
292115
92345
« 92564
#2775
« 92977
«93171

~95..

02250
t{ uli} WoE0n)
«6928¢ 1432369
o511 141 1e 375606
«52647 le2HH6T
«541778 1.27269
«H06l2 1.25767
«5A43Q 1424356
b 219 le23( 32
o61467 1. 2L790
oH 3664 1.20624
#6530 1.19531
o6bU8H2 L. 189500
68196 1. 17%45
LT le16665
«71225 1. 15804
« 72540 1.15009
o 73791 Lo 14266
«74578 1.13570
276104 1.12916
77172 1.12203
78183 l.11727
« 79140 l. 11186
«8B0C46 l.10674
80403 1.10199
«ALT1S, 1. 09749
«d2443 119328
«83210 1. 09927
«843898 1.085%0
«B4E50 1. 043196
«85167 1.07861
« 45752 le17%44
«362C7 1a007245
236833 1.06962
«87333 1. C6694
«37806 1le 06441
«BH257 leMo 291
« 34684 1.05973
«89C91 L.N5756
«89478 L.05551
«89E46 L. 05358
HTiYT Le5174
«90£31 le 04994
» 70849 1e 14826
«92152 2e. 1660
1462 1.0 513
«91719 . 1leC4 08
«91543 1la 04229
92236 1.040%6
92477 1.7 3969
«92708 1.034d48
«92930 1.93732
293141 1.03621
093144 1.03515
493539 1.03413
«93425 1.03316

a4

e 4B
«9612
«b2414
o54242
«S06075
H78%4
«596484
2b1434
«63) 44
«he778
e 66361
«6788)
6492334
«70721
« 72043
«7330C
ALY
« 75627
«167CL
« 77719
78684
« 794597
80461
«dl2yC
82055
«82784
+83404
86142
«B4766
«35359
«H5919
86451
» 36956
« 37436
874972
«8K325
«d8737
89130
«39502
89859
«90191
«90521
«49U830
91124
o9l 4Ns
« 71674
«91971
«92177
92412
«92637
«92853
. 23060
«3258
«93443

nSYVMETLY

~e(02144
“e72i91
=e1)2U34%
~aULIT
-s 01914
- 11453
-e 31793
-eN1734
=s 01677
=oll622
= OL570
=s114lY
- OLla71
~oll425b
-.01381
“e 001 339
-e 13
=~ OL262
~eUl226
~«Q1192
~e 01159
~ei'l128
~. 01099
-.Cl070
~e 11,43
- 01014
~e04Y3
-eN090Y
~e D47
-e" 1935
=.00405
-eUl385
=«108566
~e 00444
=at*283(0

~= 007 38
~e0724
~«UD711
=2 0N6YY
ETENal T ¥4
-«00675
“a 663
- 0u652
=+ 00642
-,28631
- V621
-. 00612
- 0602
-+00593

ANTIST2IrNY

le&SR32
la5€62%
144847
1e33F42
1.22326
14123873
1.C%241
972377
«9C22%
82712
« 77793
s 72416
267501
«62C3C
58648
«552146
252878
4 B8ET4
45802
«42161
240728
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APPENDIX IIX

ANISOTROPY OF GAMMA DECAY FROM 60C¢." (Fe)

6OCO(E‘e) is the most commonly used nuclear thermometry in low
temperatures. ‘The validity of its themmodynamic temperature scales have
been investigatad by Frankel et &.l The purpose of this calculation is
provided for point by point comparison of the external temperatures,
GOCO(FQ), to the internal tomperatures, 444 keV gamma transition from lBOmHL

The input data are listed as follows:

magnetic hyperfins splitting UH 5.4547 x 10718 erg
half life PAR(7) 46077.6 hours
reorientation parameter U2} 0.93937
v(4) 0.79772
angular distribution F(2,1) -0.44772
paramster
F(4,1) -0.30438
s01id angle correction G(2) 0.990; 0.9855; 0.9537
G(4) 0.960; 0.9522; 0.8518

The results with the list of FORTRAN program except the subroutine
Theory which is exactly the same as subroutine Theory used in Appendix II

are pressnted in the following pages.

.R. B. Prankel, D. A. Shirley, and N. J. Stone, "The Cerium Magnesium
Nitrate Temperature Scale From Nuclear Orientation®, UCRL~16012, April
1965.
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APPENDIX IV
GYROMAGNETIC RATIO OF IBOmHE
The magnetic mament of deformed nuclei contains two parts, g’ the

collective gyromagnetic ratio, and e the intrinsic gyromagnetic ratiec.
Based on Nilgson diagram with deformation n = 4, (mee Fig. AIV-1,2), one
finds that the B~ state of lsoﬂf can come from elther a 2 proton state
{7/2+(404), 9/2-(514)},_ or a 2 neutron state {7/2-(514), 9/2+(624)},_.

The magnetic moments of both states can be sstimated from their nelghboring:

odd-mass huclei whose magnhetic moments are known. The gyromagnetic ratios

of these nuclei ‘are listed in the following table.

Table of Gyromagnetic Ratios

Nuclei Level Nilsson State Shell State uEXP 9r Ix
I=XK (anl\)

18lp, g.s. 7/2+ (404) %2 2.35%  0.203° 0.778
0.320° 0.771

1817y 56 kev 9/2-(514) hy12 5.208 0.290%° 1.372
0.320°  1.365

7%¢ g.s. 7/2~(514) £2/2 0.61* 0.253° 0.151
0.7836% 0.249F 0.216F

17%¢ g.s. 9/2+(624) 11372 -0.47* 0.263° -.186
-0.6320f 0.156% - 207%

177 ‘ e e

HE 321 kev 9/2+(624) 1132 0.19 .18

The magnetic momeat of deformed nuclei can be described as:

=1 X - . . (e trie
“(I)_I et TFI (gK ag! (1+6x,1/2 (-1) (21+1)b°)...(1)
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where

61(,1/2 =0 if K ¢ 1/2

51(,1/2 =1 if K= 1/2

(g = 9p) * by = (g, = gp) K= 1/2]3 |K = -1/2> 4 (g, - g;) <K = 1/2]s [k = -1/2>

9 - s 9, " +5.58 for proton
9, " 0; 9 = -3.82 for neutron

j+, s, are raising operators

We evaluate the I from experimental data of 9z and uexp' Strictly speaking
one must use an effective gs instead of the free.particlé 9g- In this
region gs(effect::i.ve)/gs (free) = 0.6. But this complication in evaluating
of bo tem drgps out in our case where K = 8,

The values of gK('I/Z) and gK(B/Z) are obtained by substituting the
known values of nuclear magnetic moments and gR's into the Eg. (1). %hese
calculated values are listed in column 7 of the table, except the last
value from 177Hf 321 keV level which is an exper.mental datum.

The intrinsic magnetic moment of two coupled nuéleonl can be
expressed in terms of its individual magnetic moments in vector sum:

Il(Il +1) - 12(12 + 1)
gK(I) =1/2 * (91(1 + ng) + (gKl - 9x2) . 2T+ ) v ee(2)

where I = 11 + 12.

IfI= |Ill - ]Izl, then g, (I) can be expressed as:

oD = {2y » g + Iy 9pd1
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where gKl' 9yp aTe gy for 1 = Il and I = Iz, respectively. gK(I) means
only 9 of a nucleon at spin equal to J. It certainly does not imply that
9 has an I dependence.

The results of qK(B) and u(8) based on Eq. (2) and Eq. (1) are

listed in the following table.

N a2y gos2) 9 u

0.313%  o0.778 1.372 1.112 8.18

{7/2¢1408), 9/2-1510) },_ 0.771 1.365 1.105 8.14
0.3n"  0.778  1.372  1.1l2 8.83

0.771 1.365 1.105 8.18

0.313 0.5 -.186 -.038 0.004

{7/2-(514), 9/2+(620) 1 0.216 -.207 -.022 0.122
0.3n" 0.5 -.186 -.038 0.060

0.216 -.207 -.022 0.174

In conclusion, the nuclear magnetic moment of the two-proton state
is 8.33 n.n. and the nuclear magnetic moment of two-neutron state is less

than 0.1 n.m.

3see text, Refs. 51, 52, 53, 54.
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APPENDIX V
ENERGY LEVELS OF IBOH!.'

Fig. A-V 1 shows the energy levels of lsoﬂf. The nuclear
propertiss of the level is explicitly expressed in terms of its spin,
parity, and rotational quantun number on the right-hand aide of the lewvel.
The multipolarity and electromagnetic property of the radiations in terms

of E1,M2 as eleccric dipole, magnetic quadrapols, respactively, is listed.
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